Abstract-Exploiting the body dynamics to control the behavior of robots is one of the most challenging issues, because the use of body dynamics has a significant potential in order to enhance both complexity of the robot design and the speed of movement. In this paper, we explore the control strategy of rapid four-legged locomotion by exploiting the intrinsic body dynamics. Based on the fact that a simple model of four-legged robot is known to exhibit interesting locomotion behavior, this paper analyzes the characteristics of the dynamic locomotion for the purpose of the locomotion control. The results from a series of running experiments with a robot show that, by exploiting the unique characteristics induced by the body dynamics, the forward velocity can be controlled by using a very simple method, in which only one control parameter is required. Furthermore it is also shown that a few of such different control parameters exist, each of them can control the forward velocity. Interestingly, with these parameters, the robot exhibits qualitatively different behavior during the locomotion, which could lead to our comprehensive understanding toward the behavioral diversity of adaptive robotic systems.
I. INTRODUCTION
The use of body dynamics for controlling the robot behavior has recently been explored by many robotics researchers (e.g. [1] , [2] , [3] ) . By exploiting body dynamics, the robots can significantly reduce the computational efforts, which would potentially lead to the significant augmentation of the level of complexity and the speed of the movement. The fundamental problem of this approach, however, is that the desired behavior of the systems is highly dependent on the environmental conditions, which results in the lack of controllability and the diversity of behavior. For example, the Passive Dynamic Walkers can walk down the slope in a very natural way by taking advantage of the body dynamics, but it functions only in a severe constraints of the angle of slope and the ground friction [4] , [5] , [6] . One of the challenges in this line of research, therefore, is to enhance the controllable behavioral diversity by exploiting the body dynamics.
From this perspective, the rapid legged locomotion is a desirable research topic to explore the use of body dynamics, which requires relatively complex control for the rapid movement. The running mechanisms of legged robots have been successfully engineered during the last couple of decades. The pioneering work by Raibert [7] , [8] has shown that the task of a hopping machine can be decomposed into three problems, namely (1) regulating periodic hopping height; (2) maintaining body attitude; and (3) controlling the desired forward speed. Then these control problems can be solved by switching between two control strategies for stance and flight phases. During the stance phase, the robot controls for the problems (1) and (2), and during the flight phase, the problem (3) is dealt with. By following these design principles, it has been shown that monopod, biped, quadruped and hexapod robots were able to maintain the balance and control the forward velocity only by regulating the appropriate angle of attack at touchdown during a flight phase [9] , [10] , [11] , [12] , [13] . All these studies are based on a method in which there are two independent control phases, thus the robot needs to identify the flight/stance phase at every computational step by using contact detectors on the feet.
Previously, it has been shown that the rapid quadrupedal locomotion can also be possible with an even simpler mechanism. By exploiting mechanical properties of the elastic legs, a form of quadrupedal running behavior, the so-called bounding gait, was demonstrated without the necessity of global sensory feedback [14] . An interesting characteristics of this control framework is that, even though it utilizes a simple open-loop control, it is possible to achieve the stable periodic gait at the several different forward velocity by changing a single control parameter. Moreover, there are several different such control parameters which vary the quantitative and qualitative locomotion properties such as the hopping height and the gait patterns.
Based on the previous development, this paper presents the control scheme to exploit the body dynamics for the dynamic rapid legged locomotion. By analyzing the relation between the control parameters and the whole body dynamics, we firstly observe a set of behavior variations induced by a simple control method, then it will be used for the purpose of controlling the locomotion behavior. As a result it is shown that one control parameter can regulate the forward velocity, as well as the hopping height and two clearly identifiable different gait patterns. An important conceptual contribution of these experimental results is that the diversity of locomotion behaviors is emerged from the interplay between the body dynamics and the control architecture, which would lead to our comprehensive understanding of the emergence of gaits in biological systems, for example.
The structure of this paper is as follows. In section 2, we Table 1 .
explain the design and control of our quadruped robot which is used for the experiments described in section 3. Issues leading to further design principles will be discussed in section 4.
II. DESIGN AND CONTROL OF QUADRUPED ROBOT
The use of elastic components in the muscle-tendon system has been investigated in biomechanics (e.g., [15] , [16] , [17] , which leads to the theoretical model of legged animals, the so-called "spring-mass model" [18] , [19] . In this model, it was hypothesized that animal's leg could be approximated by a spring loaded inverted pendulum. Interestingly the studies of the spring-mass locomotion models have shown that, due to the self-stabilization mechanisms, rapid legged locomotion can be passive or it requires extremely simple control (e.g. [20] [21]). In this section, we explain the biologically inspired morphological structure and its control strategy which will be used in the following experiments. 
A. Morphological Design
The design of the robot is inspired by the spring-mass model studied in biomechanics. As shown in Figure 1 , the robot has four identical legs each of which consists of one standard servomotor (KOPROPO PDS947FET) and a series of two limbs connected through a passive elastic joint. We used aluminum for the design of body frame and legs. The physical dimensions of the robot body are 142mm long, 85mm wide and approximately 75mm high (refer to Table 1 for more detailed specifications). The robot has 4 servomotors located at the shoulders, a micro-controller (Microchip PIC 16F877) and a small weight to adjust the weight distribution of the body, which result in a total weight of 273g. The control signal for the motors and the electricity are supplied externally through cables. We used the standard serial communication protocol to send the positions of the servomotors from a PC to the micro-controller that produces the modulated signals for the servomotors.
To gain a higher forward velocity, the robot requires higher ground friction. For this reason we have implement a rubber surface at the ground contact in each leg. Although it is difficult to quantitatively measure the slipperiness during dynamic interaction between feet and ground, a good estimate could be the coefficient of friction. The static and dynamic coefficients of friction are approximately 0.73 and 0.55, respectively.
B. Motor Control
For the detailed observation of the intrinsic body dynamics derived from the morphological properties, we apply a parsimonious control strategy, in which the controller is kept as simple as possible without sensory feedback at the level of global function. In the following experiments, the motors are controlled by a simple oscillatory position control as follows.
where P f and P h indicate the target angular positions of the fore (shoulder) and hind (hip) motors, respectively. A and B determine the amplitudes and the set points of the oscillation, and the frequency ω and the phase φ determines the phase delay between these two oscillations of the fore and hind legs. Control of the motors is symmetric in terms of the sagittal plane, i.e. the control of two fore legs is the same. The parameters used in the following experiments are heuristically determined as follows. A f = A h = 25(degrees), B f = 20(degrees), and B h = 10(degrees). The control parameters of frequency ω and phase φ will be used in the following experiments. The coordinate system of these set points is set to perpendicular with respect to the spine. Note that this control method does not require any global sensory feedback: The controller does not need to distinguish stance and flight phase, the body attitude or leg angles with respect to the absolute ground plane.
III. EXPERIMENTS
Despite its simplicity, the control scheme introduced in the previous section exhibits the stable dynamic running behaviors with a set of variations. This section overviews the characteristics of the running behavior and the influence of the control parameters.
A. Experimental Setup
We used the experimental setup shown in Figure 2 , which consists of the robot, a treadmill, a high-speed camera and two sets of computers. The treadmill was developed especially for the robot explained in the previous section, in which the speed of rotational belt can be controlled online by a computer using the USB interface the maximum speed of the rotational belt is approximately 60cm/sec. This treadmill is controlled by the same computer as the one for the robot such that both are synchronized. Two transparent plastic plates are installed on the top of treadmill to restrict the lateral deviations of the robot during the running experiments.
In this setup, we are able to measure the forward velocity of the robot running in the following manner. With a set of control parameters of the robot, we perform a few running tests and adjust the speed of treadmill such that the robot should run at the center of treadmill. By measuring the speed of treadmill, we estimate the running speed of the robot. In order to analyze the detailed characteristics of the behavior, a highspeed camera is used for the visual analysis from a side view as shown in Figure 2 . We used a Basler A602fc (maximum resolution 650x490, frame rate 100fps, IEEE 1394 interface) and the image sequences were stored in a standard PC for the behavior analysis in the later stage. For the behavior analysis, we used a standard visual tracking method, in which an salient visual features on the robot body are extracted in each image, with which we estimate the spatio-temporal behavior patterns of the robot.
B. Intrinsic Stability
The intrinsic stability of the compliant leg in the feedforward locomotion has been explored previously, although most of them investigated the control scheme with two phases (e.g. [22] , [12] , [21] ). In the first set of experiments, we evaluate the stability of the proposed locomotion method without the global sensory feedback. Figure 3 illustrates typical time-series state variables which characterizes the movement of the robot body during one leg cycle. As shown in this figure, all five state variables (i.e.ẋ, y,ẏ, θ, andθ) go back to the states at the beginning of the leg step, which can be interpreted as a stable gait cycle.
By searching through the control parameters, we observed two qualitatively different locomotion gaits which are labeled "gait 0" and "gait 1", as shown in Figure 4 . In the gait 0, the hopping height is relatively larger than in the gait 1, which results in the four legs clearly off the ground for some duration in a leg cycle. As explained later in detail, however, the gait 1 generally exhibits larger forward velocity. The intrinsic stability of the proposed locomotion method can be nicely demonstrated when the robot switches between these gaits. A typical response induced by the change of the gait is shown in Figure 5 , where the control parameter of phase φ is varied at time t = 0. Generally, the periodic gait patterns can be recovered within one or two leg steps. It is important to mention that the change of the control parameters can be at any point in the locomotion cycle, which is a unique property of the proposed control scheme. Note also that a similar recovery response was also observed when an unanticipated irregularity of the ground condition was introduced.
C. Influence of Control Parameters
In the next set of experiments, we have analyzed the relation between the forward running velocity and two control parameters, i.e. the frequency ω and the phase φ in eq. (1) and (2) . As described in the previous subsection, the forward velocity at each control parameter set was estimated by the rotation speed of the treadmill. In this experiment, we have started the running experiment from a standing position of the robot (i.e. the initial velocity zero), and measured the average forward velocity at each parameter set during 10 seconds. Figure 6 shows the average forward velocity with respect to the frequency parameter at the range of 2.5 to 4.8 Hz, and the phase parameter is always set at 0.1 radians. The stable periodic running behavior is possible over the relatively wide range in terms of the frequency, whereas it was not possible to achieve a stable locomotion when the frequency is lower than 2.5 Hz. The upper range limit is due to the capacity of the motors, therefore it is most likely that the locomotion velocity can go higher. Overall, from this figure, the forward velocity of running behavior varies approximately from 15 to 50 cm/sec (from 2 to 7 leg-length/sec) by changing the frequency parameter. It is shown in the figure that the forward velocity increases almost linearly with respect to the frequency parameter.
It is also possible to vary the forward velocity by changing the phase parameter shown in eq. (2) . Figure 7 shows the average velocity curves with respect to each phase parameter at three different frequencies. Again we have tested within only the parameter range with which a stable locomotion behavior is possible. Namely it was not possible to maintain a stable gait at the phase parameter, less than -3.0 and over 0.8 radians. These figures show that, by changing the phase parameter, the velocity range covers approximately 15 to 20 cm/sec. On contrary to the frequency parameter, the curve profiles of forward velocity exhibits the non-linear nature; At the frequency 2.8 and 3.2 Hz, the curve profiles are bell-shape, while the velocity suddenly jumps at the frequency parameter 4.0 Hz.
Interestingly, although both parameters changes the forward velocity, the running behavior is qualitatively very different. As shown in Figure 7 , there are two clearly distinguishable preferable states of forward velocity at the frequency parameter 4.0 Hz in which the transition takes place at the phase of -1.2 radians, where the "gait 0" has appeared. Particularly, the "gait 0" generally exhibits the slower velocity and the higher hopping, whereas the "gait 1" is faster and lower hoppingheight. Figure 5 more clearly shows the contrast between these two gaits, in which the vertical movement of the robot body during these two gaits obtained from the visual analysis. During the gait 0, which has been shown to be a slower gait, the robot has higher apex height than the other by approximately 1 -1.5cm. (This is also shown in Figure 4 (a4th frame from top to bottom), where all four legs are clearly off the ground.) In biomechanical terms, the smaller phase value corresponds to the so-called "pronk gait", in which all of the fore and the hind legs swing forward or backward at the same time. On the other hand, the so-called "bounding gait" which corresponds to the large phase value, shows the fore legs and the hind legs swing the opposite direction. Interestingly, animals generally exhibit the pronk gait when they jump higher.
D. Control of Forward Velocity
In addition to the steady gait analysis of the locomotion behavior, we performed another set of experiments for switching and regulating between two different forward velocities. In order to test the eminent changes in the velocity, we varied the phase parameter from -1.5 to 0.5, and keep the treadmill speed at constant through the experiment. Then we conducted the visual analysis, in which we estimated the average forward velocity at each leg step as shown in Figure 8 . In both cases of increasing and decreasing the velocity, the forward velocity is generally regulated within one or two steps after switching the parameter as also observed in Figure 5 .
IV. DISCUSSION
On the basis of the experimental results presented in this paper, this section overviews a few conceptual contributions for the control scheme of quadrupedal running behavior.
From the information theoretic viewpoint, this paper explored an additional variation of control method for the quadruped running. Compared to the two-phase control scheme, which is widely employed in many hopping robots (e.g. [7] , [8] , [9] , [10] , [12] ), the proposed open-loop control scheme introduces three major arguments which could be essential for our comprehensive understanding of legged locomotion. Firstly, the flow of information is unidirectional and there is no signal feedback loop running all through the legs and the body, but the loop is only local, i.e. only in the servomotors. This experimental result achieved by a synthetic investigation could help understanding the physiological nature of legged rapid locomotion. Secondly, the control of speed cannot be computationally simpler than the proposed phase control, because there is no sensory feedback, on the one hand, and the phase is equivalent to a low-pass filter (i.e. a simple time delay), on the other. Thirdly, there are many other parameters such as the frequency, the set points, and the spring constants (if possible) which can potentially control the forward velocity in addition to the phase parameter. The diversity and the flexibility of the proposed control scheme is another interesting aspect to be explored further.
Even though we employed the open-loop control architecture, the underlying mechanism of the locomotion behavior could be the same as the two-phase control scheme; A compliant leg shows the characteristics in which the hopping height and the forward velocity are directly dependent on the leg angle at the touch down as shown in [14] . Based on the characteristics of the compliant legs, the touch-down angle of each leg is explicitly controlled in the two-phase control scheme, but the touch-down angle is self-organized in the proposed control scheme. An interesting outcome of this implicit control of behavior is shown in the experiment of the gait transition ( Figure 4, 5 and 7) , where the gait transition (from pronk to bound) can be both smooth and intensive; At lower frequency of the leg operation, it seems relatively smooth, but it gives rise to an intensive bifurcation at a higher frequency.
Although we investigated only partially the stability of the periodic locomotion gaits, it is a fundamental issue which needs to be formulated in the future. However, the implications we could obtain from the experimental results are highly interesting when compared to the investigation of legged locomotion in the dynamical systems approach. Initiated by Taga's simulation work [1] , it has been shown that the coupling of body and neural system dynamics provides a stability in the legged locomotion [23] , [24] . From the experimental results shown in this paper, however, it can be concluded that the purely mechanical dynamics with a simple sinusoidal oscillation is also capable of maintaining the stability.
Although we have explored only a form of rapid locomotion by a minimal control, it does not imply that we don't need sensors, but it demonstrated how much can be achieved with how little control. Particularly, this approach provides additional insight into embodied adaptive behavior or intelligence in general. The control of behavior is quite often the major research interest of adaptive locomotion, but the use of body dynamics is also a fundamental mechanism to properly understand behavioral diversity. As illustrated in the case studies of this paper, the functions of the system are no longer separable from the constraints derived from embodiment, if the behavior of the robots highly depends on its body dynamics; there is no longer a clear distinction between hardware and software. In this sense, locomotion behavior is also essential for the high-level cognition, as it enables the agent to construct a "body image" that on the one hand can be used to guide behavior in the real world and on the other as a basis for metaphors on top of which something like cognition can be bootstrapped.
V. CONCLUSION
This paper explored a control method of running behavior of a four-legged robot by exploiting body dynamics. It was shown that a simple design of morphology and control is sufficient for dynamic running behavior with a set of behavioral diversity. The direct contribution of this demonstration is that the use of body dynamics could be potentially very powerful for controlling complex behaviors with rich diversity and the larger speed of the movement. One of the examples is shown as the emergence of the gait transition, in which the smooth and intensive bifurcation between two gaits is observed even in the proposed simple mechanical and control system. Further exploration of this approach would lead to the comprehensive understanding of complex adaptive behavior.
